Accumulating evidence indicates that circular RNAs (circR-NAs) are vital regulators of various biological functions involved in the progression of multiple cancers. Circular F-box and WD repeat domain containing 7 (circFBXW7) (hsa_circ_0001451) has been reported to act as a tumor suppressor by encoding a novel protein in glioma; however, its functions and mechanisms in triple-negative breast cancer (TNBC) remain elusive. In the current study, we validated by qRT-PCR that circFBXW7 was downregulated in TNBC cell lines and found that low expression of circFBXW7 was associated with poorer clinical outcomes. circFBXW7 expression was negatively correlated with tumor size and lymph node metastasis, and it was an independent prognostic factor for TNBC patients. We performed cell proliferation, colony formation, transwell, wound-healing, and mouse xenograft assays to confirm the functions of circFBXW7. Overexpression of circFBXW7 obviously inhibited cell proliferation, migration, and tumor growth in both in vitro and in vivo assays. Luciferase reporter assays and RNA immunoprecipitation assays revealed that circFBXW7 serves as a sponge of miR-197-3p and suppresses TNBC growth and metastasis by upregulating FBXW7 expression. In addition, the FBXW7-185aa protein encoded by circFBXW7 inhibited the proliferation and migration abilities of TNBC cells by increasing the abundance of FBXW7 and inducing c-Myc degradation. In summary, our research demonstrated that circFBXW7 sponges miR-197-3p and encodes the FBXW7-185aa protein to suppress TNBC progression through upregulating FBXW7 expression. Thus, circFBXW7 may act as a therapeutic target and prognostic biomarker for TNBC.
INTRODUCTION
As the most pervasive malignancy and second leading cause of cancer-related death among women worldwide, breast cancer is regarded as a heterogeneous carcinoma with various molecular subtypes. 1, 2 Triple-negative breast cancer (TNBC) is acknowledged as the subtype with the worst prognosis as a result of the lack of effective therapeutic targets. 3, 4 Undoubtedly, it is a matter of great urgency for oncologists to develop more efficient molecular targets and novel biomarkers for TNBC therapy and monitoring.
Currently, circular RNAs (circRNAs) have attracted great research interest for their diversity of impacts on the progression and recurrence of cancers. [5] [6] [7] Like many other kinds of noncoding RNAs (ncRNAs), circRNAs were once considered a waste of biological energy that is abundant in mammals. 8 circRNAs are more stable and resistant than linear RNAs, with no 5 0 cap or 3 0 poly(A) tail. 9 circRNAs are versatile regulators of cell biological activities and have various biological functions, including as microRNA (miRNA)-binding sponges, RNAbinding protein regulators, and protein translation templates. 10, 11 On the basis of the competing endogenous RNA (ceRNA) hypothesis, RNAs can act as ceRNAs by competing for specific miRNAs. [12] [13] [14] circRNAs are also ceRNAs because of their miRNA response elements (MREs) and predominant localization in the cytoplasm. 15 For example, the notable circRNA ciRS-7 acts as a negative regulator of miR-7 and exerts influence on the development of tumors. [16] [17] [18] In addition, circRAPGEF5 promotes proliferation and metastasis in papillary thyroid cancer by sponging miR-198 and upregulating FGFR1. 19 Knockdown of hsa_circ_0061140 suppresses proliferation and migration in ovarian cancer through miR-370 sponge activity. 20 In our previous study, circEPSTI1, circKIF4A, circGFRA1, and cir-cRAD18 were identified and confirmed to have oncogenic roles in the progression of TNBC. [21] [22] [23] [24] Conversely, an increasing number of circRNAs have been discovered to be tumor suppressors in different kinds of tumors. For instance, circZKSCAN1 can inhibit cell proliferation, migration, and invasion in hepatocellular carcinoma. 25 circRNA derived from F-box and WD repeat domain containing 7 (circFBXW7) was reported as a tumor suppressor in the human brain by encoding a novel 21-kDa protein, FBXW7-185aa. 26 However, the biological function of circFBXW7 in the progression of TNBC and whether it acts as a ceRNA in cells remain unclear.
In this study, we validated that circFBXW7 was downregulated in TNBC cell lines and that low expression of circFBXW7 was associated with poorer clinical outcomes in 473 breast cancer patients. circFBXW7 was negatively correlated with tumor size and lymph node metastasis, and it was an independent prognostic factor for TNBC patients. Both in vitro and in vivo assays revealed that circFBXW7 significantly suppressed cell proliferation and migration abilities. A further series of mechanistic experiments confirmed that circFBXW7 directly sponges miR-197-3p to relieve the silencing of FBXW7. In addition, FBXW7-185aa protein encoded by circFBXW7 inhibited the proliferation and migration ability of TNBC cells by increasing the abundance of FBXW7 and inducing c-Myc degradation. Taken together, our findings indicate that circFBXW7 sponges miR-197-3p and encodes the FBXW7-185aa protein to suppress TNBC progression though upregulating FBXW7 expression. Thus, circFBXW7 might be a novel prognostic biomarker and potential target for TNBC treatment.
RESULTS
circFBXW7 Is Downregulated in TNBC and Correlates with Better Clinical Outcomes circFBXW7 was reported as a tumor suppressor circRNA that is abundantly expressed in normal brain tissues and downregulated in glioma. 26 According to the University of California, Santa Cruz (UCSC) and circBase databases, circFBXW7 (hsa_circ_0001451) is derived from exons 3 and 4 of FBXW7 (F-box and WD repeat domain containing 7) located on chromosome 4q31.3 (chr4:153332454-153333681), with backsplicing of exons 3 and 4.
We first performed qRT-PCR to evaluate the expression level of circFBXW7 in cell lines, and we found low expression in breast cancer cell lines, especially in TNBC cell lines ( Figure 1A ). To explore the association between the circFBXW7 expression level and clinical significance, we next recruited a cohort of 473 breast cancer patients. We assigned the patients into two groups according to the expression level of circFBXW7. The average expression level was defined as the cutoff value. Kaplan-Meier survival analysis showed poorer overall survival (OS) and disease-free survival (DFS) of breast cancer patients with low circFBXW7 levels ( Figures 1B and 1C ). circFBXW7 was negatively correlated with tumor size and lymph node metastasis, and it was an independent prognostic factor for TNBC patients (Tables 1 and 2 ).
Overexpression of circFBXW7 Inhibits the Proliferation and Metastasis of TNBC Cells
To investigate the biological function of circFBXW7 in TNBC cells, we constructed a circFBXW7 overexpression vector and verified its effectiveness in BT549 and 4T1 cell lines ( Figure 2A ). We conducted colony formation assays, and we found that the upregulation of circFBXW7 significantly inhibited the colony-forming ability of these two TNBC cell lines (BT549 and 4T1) ( Figures 2B and 2C ).
Consistent with these findings, CCK-8 assays revealed that circFBXW7 obviously suppressed cell proliferation ( Figure 2D ). To further examine the influence of circFBXW7 on the metastatic capacity of TNBC cells, transwell assays and wound-healing assays were also conducted. Our results revealed that the overexpression of circFBXW7 markedly inhibited the migration ability of these two TNBC cell lines, as demonstrated by transwell assays (Figures 2E and 2F ) and wound-healing assays ( Figures 2G and 2H ). Mouse xenograft models were established to assess the function of circFBXW7 in vivo. circFBXW7 obviously inhibited tumor growth ( Figures 2I and 2J ) and decreased the number of lung metastases ( Figures 2K and 2L) , which indicated the significant role of circFBXW7 in tumor suppression. Next, we examined the intracellular location of circFBXW7 in TNBC cell lines. qRT-PCR analysis of nuclear and cytoplasmic RNA isolated from cells revealed that circFBXW7 was abundantly distributed in the cytoplasm of cells ( Figure 3A ). Considering that circFBXW7 was mainly localized and stable in the cytoplasm, we speculated that it might function as a sponge of miRNA. According to the circRNA Interactome website (https://circinteractome.nia.nih.gov/index.html), binding sites for miR-197-3p were discovered within the circFBXW7 sequence ( Figure 3B ). As reported in several studies, miR-197-3p acts as a tumor-promoting miRNA in many cancers, including breast cancer. [27] [28] [29] [30] [31] miR-197-3p was positively associated with worse overall survival in breast cancer patients, according to The Cancer Genome Atlas (TCGA) database ( Figure 3C ).
We measured the expression level of miR-197 in cell lines and found its upregulation in TNBC ( Figure 3D ). Subsequently, we performed dual luciferase reporter assays to confirm the interaction between circFBXW7 and miR-197-3p. We cotransfected a luciferase (luc)-circFBXW7-wild-type (WT) or a luc-circFBXW7-mutant (mut) reporter vector with miR-197-3p mimics or negative control (NC) mimics into BT549 and 4T1 cells. Overexpression of miR-197-3p decreased the relative luciferase activity of the wild-type reporter by over 50%, whereas it had no influence on the mutant reporter ( Figures 3E and 3F ). To further verify the direct binding of circFBXW7 and miR-197-3p, we conducted a RNA immunoprecipitation (RIP) assay. The results showed that miR-197-3p was predominantly enriched in the MS2bs-circFBXW7 group, which indicates that circFBXW7 directly interacts with miR-197-3p and acts as a sponge for it ( Figure 3G ).
miR-197-3p Decreases the Expression of the Tumor Suppressor Gene FBXW7
To determine the downstream targets of miR-197-3p, we used Tar-getScan 32 to identify putative genes, and FBXW7 was predicted (Figure 4A ). FBXW7 has been confirmed as a tumor suppressor gene in multiple cancers, including breast cancer, by directly binding to cyclin E and degrading it via a ubiquitin-mediated process. [33] [34] [35] [36] FBXW7 expression was downregulated in TNBC cell lines compared to that in mammary epithelial cell lines, as evidenced by qRT-PCR analysis ( Figure 4B ).
Subsequently, we conducted dual luciferase reporter assays, and we found that the relative luciferase activity was significantly decreased in BT549 and 4T1 cell lines after cotransfection with miR-197-3p mimics and the WT-3 0 UTR FBXW7 vector compared with that produced by cotransfection with the mutant FBXW7 vector (Figures 4C and 4D). Moreover, overexpression of miR-197-3p in TNBC cell lines significantly reduced the expression level of FBXW7 mRNA (Figure 4E) . Consistent with these results, the FBXW7 expression level was 7-fold higher in the miR-197-3p inhibition group than in the control group ( Figure 4F ).
Then, we analyzed the clinical significance of FBXW7 in TNBC patients, and we found that low expression of FBXW7 was associated with poorer OS and DFS in breast cancer patients ( Figures 4G and  4H ). The expression level of FBXW7 was positively correlated with that of circFBXW7, as validated in 473 breast cancer patients (Table 1) . To validate whether circFBXW7 acts as a ceRNA to sponge miR-197-3p and rescue the expression of potential downstream targets, RIP assays were performed. circFBXW7, FBXW7, and miR-197-3p were predominantly enriched on Ago2, demonstrating the recruitment of both circFBXW7 and FBXW7 to an Ago2-related RNA-induced silencing complex (RISC), where they bind with miR-197-3p (Figure 5A) . Additionally, the relative enrichment of Ago2 on circFBXW7 was decreased, while the expression of FBXW7 was increased after knockdown of circFBXW7 ( Figure 5B ). Similarly, silencing FBXW7 reduced the relative enrichment of Ago2 on FBXW7 and increased the abundance of circFBXW7 ( Figure 5C ). Furthermore, knockdown of circFBXW7 resulted in a reduction in FBXW7 expression, while this impact could be reversed by transfection with miR-197-3p inhibitors ( Figure 5D ). Spearman correlation analysis showed that circFBXW7 expression was positively correlated with FBXW7 expression in the 473 TNBC samples (r = 0.568, p < 0.001) ( Figure 5E ). These results illustrate that circFBXW7 and FBXW7 act as ceRNAs in TNBC through the regulation of miR-197-3p.
FBXW7-185aa, Encoded by circFBXW7, Inhibits the Proliferation and Metastasis of TNBC Cells by Downregulating c-Myc Expression
In a previous study, circFBXW7 was found to be downregulated in glioma, where it is translated into a 185-amino acid (aa) protein (FBXW7-185aa) that competitively interacts with the deubiquitinating enzyme USP28, preventing USP28 from binding to FBXW7 and antagonizing USP28-induced c-Myc stabilization. 26 Thus, we next investigated the potential function of the FBXW7-185aa protein encoded by circFBXW7 in TNBC.
As shown in Figure 6A , the linearized FBXW7-185aa open reading frame (ORF) and a FLAG tag were cloned into a plasmid (FBXW7-185aa-FLAG). Overexpression of FBXW7-185aa did not affect the expression level of the circFBXW7 transcript, as measured by qRT-PCR ( Figure 6B ). Subsequently, we conducted CCK-8, colony formation, and transwell assays to assess the influence of FBXW7-185aa on TNBC cell growth and proliferation. FBXW7-185aa significantly inhibited the growth, colony-forming, and migration abilities of BT549 cells ( Figures 6C-6E ). Additionally, the prooncogenic effect enhanced by sh-circFBXW7 was reversed after cotransfection with miR-197-3p inhibitors and the FBXW7-185aa protein expression plasmid ( Figures 6F and 6G ). Western blot analysis revealed that overexpression of FBXW7-185aa increased the abundance of FBXW7 and induced c-Myc degradation. Overexpressing USP28 reduced the expression of FBXW7 and suppressed FBXW7-185aainduced c-Myc destabilization ( Figure 6H ). In summary, circFBXW7 sponges miR-197-3p and encodes the FBXW7-185aa protein to suppress TNBC progression though upregulating FBXW7 expression ( Figure 6I ).
DISCUSSION
Due to the rapid development of high-throughput sequencing technology and bioinformatics, numerous circRNAs have been discovered as critical modulators of various biological processes in recent years. circRNAs are a type of noncoding RNA that is well conserved and mainly localized in the cytoplasm. 9 Compared to linear RNAs, circRNAs are abundantly and stably expressed, with covalently linked ends. 37 The presence of circRNAs in exosomes, which can be secreted into the blood and saliva, has been evidenced. 38 These characteristics will make circRNAs potential diagnostic and prognostic biomarkers for many diseases, including cancers.
Emerging evidence shows that circRNAs act as oncogenic stimuli or tumor suppressors by regulating protein expression in multiple cancers. 39 For example, the circRNA ciRS-7 acts as a negative regulator of miR-7 and affects the carcinogenesis and progression of many tumors. [15] [16] [17] Additionally, circHIPK3 and circMTO1 inhibit cell proliferation and migration by activating different signaling pathways. 40, 41 circFBXW7 (hsa_circ_0001451), which can encode the novel 21-kDa protein FBXW7-185aa, has been reported as one of the tumor suppressor circRNAs in glioma. 26 In renal cell carcinoma, the silencing of circFBXW7 promoted cell growth and migration. 42 However, the role of circFBXW7 and its underlying mechanisms remain unknown in breast cancer. In the current study, we validated that circFBXW7 was significantly downregulated in TNBC cell lines and that low expression of circFBXW7 was associated with worse clinical outcome in breast cancer patients. Subsequently, functional experiments revealed that overexpression of circFBXW7 inhibited TNBC cell proliferation and migration. These results indicated the biological significance of circFBXW7 and its prognostic value for TNBC patients.
As one type of noncoding RNA, circRNAs are crucial posttranscriptional regulators. The well-known ceRNA hypothesis illustrates the communication and regulation among mRNAs, pseudogenes, and lncRNAs as well as circRNAs by MREs. circRNAs contain multiple miRNA-binding sites and can sponge various miRNAs, as predicted by different algorithms. For instance, ciRS-7 contains multiple miR-7-binding sites and regulates several oncogenes via miR-7 in diverse cancers. [16] [17] [18] In TNBC, miR-34a is obviously downregulated and promotes tumor growth by targeting GFRA1. 23 To gain a better understanding of the molecular mechanism of circFBXW7, we used MRE analysis to predict the miRNA-binding sites. Among the candidates, miR-197-3p was selected as the downstream target because of solid evidence of its role in tumor promotion. [27] [28] [29] [30] [31] In addition, we found that miR-197-3p was overexpressed in breast cancer cell lines and was positively associated with poorer overall survival, according to TCGA database. Further luciferase reporter assays and RIP assays confirmed the direct binding of circFBXW7 and miR-197-3p.
Our study reverified the cancer-promoting function of miR-197-3p, www.moleculartherapy.org indicating its therapeutic value in breast cancer. Additionally, we found that the FBXW7-185aa protein encoded by circFBXW7 suppressed the proliferation and migration abilities of TNBC cells by increasing the abundance of FBXW7 and inducing c-Myc degradation.
FBXW7 was reported as a tumor suppressor in diverse malignancies. [33] [34] [35] [36] 43 FBXW7 can directly bind to cyclin E and degrade it via a ubiquitin-mediated process. Low expression of FBXW7 indicates an increased risk for tumor progression and recurrence. FBXW7 is the target of several miRNAs, such as the miR-497$195 cluster. 44 In this study, we showed that FBXW7 was the target of miR-197-3p and confirmed this finding by luciferase reporter assays and RIP assays. Further survival analysis revealed the crucial role of FBXW7 in tumor suppression in breast cancer.
Due to the absence of druggable molecular targets, TNBC treatment is very limited compared with the treatments for luminal or HER2+ subtypes. Patients with TNBC have the worst prognosis among patients with breast cancer because chemotherapy is the only choice. Therefore, it is of great importance to develop an efficient molecular target and novel biomarker for TNBC therapy. In recent years, many novel molecules have been found to have the potential to become therapeutic targets. AKR1B1 and UGT8 promote basal-like breast cancer metastasis by activating the epithelial-mesenchymal transition (EMT) pathway and sulfatide-aVb5 axis, respectively. 45, 46 Tinagl1 inhibits TNBC growth by downregulating focal adhesion kinase (FAK) and epidermal growth factor receptor (EGFR) signaling. 47 Targeting KDM4B in combination with PI3K inhibition induces further activation of the unfolded protein response (UPR), leading to robust synergy in apoptosis in TNBC. 48 By regulating the tumor microenvironment, stromal cells facilitate breast cancer progression and may have important implications for patient precision therapeutics. 49, 50 In the current study, circFBXW7 suppressed TNBC growth and metastasis, which could become a novel therapeutic method in the future.
In summary, we showed the significant regulatory mechanisms of circFBXW7 in TNBC, and we found that circFBXW7 regulated the expression of FBXW7 through blocking miR-197-3p and encoding the FBXW7-185aa protein to carry out its functions in TNBC. Therefore, circFBXW7 might be a novel prognostic biomarker and potential treatment strategy for TNBC.
MATERIALS AND METHODS

Clinical Data and Patient Samples
Fresh tumor samples were collected from patients with breast cancer at Sun Yat-sen University Cancer Center (SYSUCC, Guangzhou, Guangdong, China). All resected tissues were instantaneously infiltrated in RNAlater (Ambion, TX). All patients were followed up periodically, and the clinical data were recorded. This study was approved by the Ethics Committee of Sun Yat-sen University Cancer Center Health Authority and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients before participation in this study. 
Cell Culture
All cell lines (MCF-10A, MCF-7, T47D, BT474, SKBR-3, MDA-MB-453, MDA-MB-468, MDA-MB-231, BT549, HCC38, 4T1, and MA-891) used in this study were obtained from the American Type Culture Collection, and they were cultured appropriately and passaged for no more than 6 months. All of the above cell lines were free of mycoplasma infection and verified occasionally by DNA fingerprinting.
Quantitative Real-Time PCR
TRIzol reagent (Invitrogen) was used to extract total RNA. NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) were utilized to isolate the nuclear and cytoplasmic portions of cellular RNA. qRT-PCR was performed with SYBR Premix Ex Taq (Takara). Primer information is listed in Table S1 .
Vector Construction and Transfection
The full-length cDNA of human circFBXW7 was amplified and cloned into the pCDNA3.0 vector to construct the overexpression plasmid, and the efficiency was then evaluated by qRT-PCR. We mutated circFBXW7 and the FBXW7 3 0 UTR by changing the conserved binding sites of miR-197-3p using a Gene Mutation Kit (Takara). Transfection was conducted with Lipofectamine 2000 (Invitrogen). The miRNA inhibitors and mimics were synthesized by GeneCopoeia (Rockville).
CCK-8 Assay
Briefly, 1 Â 10 3 cells were plated into each well of a 96-well plate. 10 mL CCK-8 solution (Dojindo, Japan) was added to each well on a certain day. The absorbance at a wavelength of 450 nM was assessed with a microtiter plate reader after incubation for 2 h at 37 C.
Colony Formation Assay
A total of 1 Â 10 3 cells was resuspended and plated into each well of a 6-well plate. After incubation at 37 C for 14 days, cell colonies were fixed with methanol and stained with 0.3% crystal violet for 30 min. Images were acquired soon after staining, and colonies were counted by ImageJ software.
Transwell Assay and Wound-Healing Assay
Generally, transwell assays were conducted using migration chambers (BD Biosciences) to which 2 Â 10 4 cells in suspension were added (serum-free medium). Medium containing 20% fetal bovine serum (FBS) was added to the lower chambers and incubated for 24 h. Subsequently, cells in the upper chambers were removed, and methanol was used to fix the remaining cells. After staining with crystal violet, the migrated cells were imaged and counted. For the wound-healing assay, cells were plated in 6-well plates, and an artificial linear wound was made by scratching with a sterile 200 mL pipette tip. Wounds were imaged with an inverted microscope at 0 and 24 h.
Dual Luciferase Reporter Assay
HEK293 cells at a density of 5 Â 10 3 cells/well were added to 96-well plates. Constructed plasmids and miRNA mimics were cotransfected into BT549 and 4T1 cells for 48 h before luciferase activity was detected by the dual luciferase reporter assay system (Promega), according to its instructions. Renilla luciferase activity was defined as the internal control. We conducted independent experiments in triplicate.
RIP
Cells were cotransfected with MS2bs-circFBXW7, MS2bs-circFBXW7mt, and MS2bs-Rluc. After 48 h, RIP was conducted with a Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore). The level of miR-197-3p was quantified after the RNA complexes were purified. The RIP assay for Ago2 was conducted with an anti-Ago2 antibody (Millipore). The abundances of circFBXW7, FBXW7, and miR-197-3p were determined after purification.
Western Blot Analysis
Total protein was extracted, separated by 12% SDS-PAGE, and subsequently transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). Membranes were blocked with 5% skim milk at room temperature for 1 h and subsequently incubated with the primary antibody anti-FBXW7 (1:1,000, Abcam, USA), anti-FLAG antibody (1:1,000, Affinity, USA), anti-USP28 antibody (1:1,000, Affinity, USA), anti-c-Myc antibody (1:1,000, Cell Signaling Technology, USA), or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:1,000, Affinity, USA). A secondary antibody (Cell Signaling Technology) was used and detected by chemiluminescence.
Mouse Xenograft Model
All animal procedures and care were performed in accordance with the guidelines of the institutes and the approval of the Institute Research Ethics Committee of SYSUCC. BT549 and 4T1 cells stably overexpressing circFBXW7 and mock vector BT549 and 4T1 cells (1 Â 10 7 ) were subcutaneously inoculated into the dorsal flanks of female BALB/c nude mice (four in each group). We estimated the volume of tumors every 4 days by the following formula: 0.5 Â length Â width 2 . After 4 weeks, mice were euthanized and tumors were weighed.
For the lung metastasis experiments, 1 Â 10 5 cells were intravenously injected into the tail vein of mice (four mice per group). After 8 weeks, the lungs were excised after the mice were euthanized, and the numbers of lung metastases were counted visually and subsequently confirmed via microscopy of H&E-stained sections. www.moleculartherapy.org
